Manrique C, Sowers JR. Mineralocorticoid receptor blockade prevents Western diet-induced diastolic dysfunction in female mice. Am J Physiol Heart Circ Physiol 308: H1126 -H1135, 2015. First published March 7, 2015 doi:10.1152/ajpheart.00898.2014.-Overnutrition/obesity predisposes individuals, particularly women, to diastolic dysfunction (DD), an independent predictor of future cardiovascular disease. We examined whether low-dose spironolactone (Sp) prevents DD associated with consumption of a Western Diet (WD) high in fat, fructose, and sucrose. Female C57BL6J mice were fed a WD with or without Sp (1 mg·kg Ϫ1 ·day Ϫ1 ). After 4 mo on the WD, mice exhibited increased body weight and visceral fat, but similar blood pressures, compared with control diet-fed mice. Sp prevented the development of WDinduced DD, as indicated by decreased isovolumic relaxation time and an improvement in myocardial performance (ϽTei index) and septal annular velocity (ϽE=-to-A= ratio), as assessed by echocardiography, as well as decreased diastolic relaxation time/increased diastolic initial filling rate, as assessed by MRI. The relationship between passive sarcomere length of cardiac myocytes and ventricular pressure was monitored using di-8-ANEPPS staining of the t-tubule network in hearts ex vivo. Sp administration led to longer sarcomere lengths at each pressure indicative of improved ventricular compliance in WDfed mice. Sp also prevented left ventricular hypertrophy, interstitial fibrosis, and oxidative stress. Sp prevented the WD-induced increased expression of myocardial proinflammatory M1 macrophage markers monocyte chemoattractant protein-1 and CD11c and increased the expression of the anti-inflammatory M2 macrophage marker CD206. These findings demonstrate that WD-induced DD is associated with increased oxidant stress, fibrosis, and immune dysregulation. Mineralocorticoid receptor antagonism enhanced M2 macrophage polarization and ameliorated oxidant stress and fibrosis. This work supports a novel blood pressure-independent effect of MR antagonism as a strategy to prevent diet-induced DD in women. mineralocorticoid antagonism; low-dose spironolactone; aldosterone; high-fat diet; high-fructose diet; oxidative stress; inflammation; cardiac hypertrophy; myocardial compliance CARDIOVASCULAR DISEASE (CVD) is the leading cause of morbidity and mortality in obese, insulin-resistant, type 2 diabetic individuals (29, 40, 61) . Importantly, obese diabetic women manifest clinically significant CVD not only more frequently but also more severely than diabetic men (29, 40) . This contrasts with the fact that lean nondiabetic premenopausal women exhibit lower incidences of CVD relative to their male counterparts. Diastolic dysfunction (DD), which is often characterized as an asymptomatic abnormality, is one of the early manifestations of diabetic CVD and is increasingly prevalent in women (45, 56, 57 ), yet is a strong predictor of future CVD events (13, 32, 58) . DD is characterized by impaired diastolic relaxation (70) and is associated with insulin resistance, left ventricular (LV) hypertrophy (LVH), inflammation, and cardiac remodeling (54, 57). Moreover, LVH is reported to be more substantial in obese women than in obese men (9). Evidence suggests that both obese women (43-45) and obese diabetic women (9, 51, 53) are at greater risk for the development of DD than their male counterparts (54). Thus, in women, DD, and the eventual progression to heart failure, are major healthcare concerns associated with the ongoing epidemics of obesity, metabolic syndrome, and diabetes, especially in women (12, 13, 17) .
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Specific prevention or treatment strategies targeting the prevention of DD in the obese diabetic population have yet to emerge; however, given the central role of inappropriate systemic and tissue renin-angiotensin-aldosterone system (RAAS) activation in the pathophysiology of obesity and diabetic cardiomyopathies, antagonists of the RAAS seem promising (58) . Emerging evidence indicates that activation of mineralocorticoid receptors (MRs) may play a pivotal role in the development of DD. Cardiac MR activation promotes myocardial inflammation, oxidative stress, fibrosis, and LVH, factors often associated with DD and contributing to functional and structural impairments in the heart (14, 41, 58, 66) . We previously demonstrated improved diastolic function with a very low (subpressor) dose of spironolactone (Sp) independent of blood pressure reduction in hypertensive rats (21) . In this regard, much interest has focused recently on the preventative utility of adding MR antagonists (MRAs) to target DD given the benefit of MR blockade in treating systolic heart failure (27, 28, 47) . Initially, this notion was supported by results from two small randomized clinical trials in obese patients showing an improvement in DD with the MRA Sp (27, 28) ; however, the larger more recent Treatment of Preserved Cardiac Function Heart Failure with an Aldosterone Antagonist trial, conducted in a broader patient population, was negative (47) . Thus, given these mixed results, it is likely that some but not all patients with DD would benefit from adjunctive MRA therapy. In this regard, a possible mechanism linking CVD with insulin resistance and obesity in women is the activation of the MR. Indeed, elevations in aldosterone levels have been documented in obese women and are correlated inversely with insulin sensitivity indexes (16) . Furthermore, MR activation in the vasculature and heart results in increased inflammation, oxidative stress, and fibrosis (3, 34) . Emerging evidence suggests that overnutrition-driven dysregulation of the mammalian target of rapamycin (mTOR)/70-kDa ribosomal S6 kinase (S6K1) signaling pathway contributes to the adverse effects of obesity on cardiac function (68) . Moreover, a recent study (6) has implicated increased mTOR/S6K signaling with maladaptive immune responses favoring the polarization of proinflammatory M1 macrophages. Nonetheless, there are no data linking Western diet (WD)-induced cardiac dysfunction to increases in myocardial MR activation, mTOR/S6K signaling, and inflammation. We recently reported that female C57BL6J mice fed a WD high in fat and unrefined sugars, including high-fructose corn syrup and sucrose, become overweight and insulin resistant and underwent a more rapid onset of DD compared with their male counterparts (33) . Furthermore, we found higher levels of aldosterone in female mice compared with males (33) . Based on these observations, we hypothesized that MR blockade would prevent WD-induced DD, myocardial oxidative stress, macrophage-related inflammation, and LVH in female mice. To test this hypothesis, we administered a low dose of the MRA Sp to female C57BL6J mice fed a WD high in fat and refined carbohydrates. Here, we report that MRs play an important role in the development of WD-induced DD and the contributing cardiac abnormalities, including oxidative stress, dysfunctional immune and inflammatory responses, fibrosis, and LVH. Importantly, these WD-induced abnormalities developed independently of increases in blood pressure and were normalized with a subpressor dose of Sp.
MATERIALS AND METHODS

Animal Models
Three-week-old C57BL6J female mice were purchased from Jackson Laboratories (Bar Harbor, ME) and cared for in accordance with National Institutes of Health guidelines. All procedures were approved in advance by the Institutional Animal Care and Use Committee of the University of Missouri and the Harry S. Truman Memorial Veterans' Hospital. A total of 29 mice were used in the performance of the experiments described here, and, of those, 7 mice were dedicated to ex vivo perfused heart preparations. Beginning at 4 wk of age, mice were randomly distributed into three groups, including 1) mice fed a control diet (CD; Test Diet 58Y2, Purina Diets, Richmond, IN) and implanted with a placebo pellet, 2) mice fed a WD consisting of high fat (46%) and high carbohydrate as sucrose (17.5%) and high fructose corn syrup (17.5%) (Test Diet 58Y1) and implanted with a placebo pellet (WD), and 3) mice fed a WD and implanted with a Sp pellet (WDSp). The treatment period lasted for 4 mo, ending when mice were 20 wk of age. Mice were provided water ad libitum while housed in pairs under a 12-h/day illumination regimen. Sp was administered subcutaneously at a dose of 1 mg·kg Ϫ1 ·day Ϫ1 via a slow-release pellet (Innovative Research of America, Sarasota, FL) implanted in the scapular region on the back. The rationale for choosing this dose of Sp was based on previous evidence that this dose does not reduce blood pressure (21) or elicit antiandrogenic and progestogenic effects (8) . Indeed, 1 mg·kg Ϫ1 ·day Ϫ1 Sp has been shown to inhibit only 35% of in vivo aldosterone binding to MRs (8) . Untreated mice received a placebo pellet without Sp. After the 4-mo period, 20-wk-old mice were euthanized while under isoflurane anesthesia (2-4% in 100% O 2), and tissue and blood samples were collected and processed for later analysis.
Blood Pressure
At the end of the 4-mo feeding period and immediately before being euthanized, mice were anesthetized with isoflurane (1.75% isoflurane in 100% O2). The right carotid artery was isolated, and a high-fidelity 1.2-Fr mouse pressure catheter (Transonic) was inserted and advanced to a position proximate to the aortic arch. After a brief acclimation period and when blood pressures were stable, average systolic blood pressure, diastolic blood pressure, and mean arterial pressure were determined using a data-acquisition system (Scisense, London, ON, Canada) as previously described (11) .
Cardiac Function
Cardiac function was assessed noninvasively by echocardiography and high-resolution cine MRI as previously described (4, 33) . Briefly, echocardiography was performed using a GE Vividi system with a 10S-RS 11.5-MHz phased array pediatric probe while MRI scans were performed with a Bruker AVANCE III BioSpec 7 T horizontal bore MRI (Bruker, Billerica, MA) equipped with a four-channel phased array mouse cardiac radiofrequency coil. These procedures were performed on isoflurane-anesthetized mice (1.75% in 100% O 2 stream).
Sarcomere Length Measurements in Isolated, Perfused, Pressurized Heart Preparations
Hearts were excised, cannulated via both the aorta and LV, loaded with 10 M di-8-ANEPPS for ϳ5 min, and perfused with aortic perfusion solution containing 135 mM NaCl, 5 mM KCl, 1 mM MgCl 2, 10 mM D-glucose, 10 mM HEPES, 100 M EGTA, and 6% dextran (pH 7.4 with NaOH). The heart was positioned so that the LV free wall rested gently against the coverslip for two-photon imaging of di-8-ANEPPS fluorescence (inverted Leica SP5/MP, ϫ40 oil objective, HCX PL APA, numerical aperture: 1.25, excitation at 840 nm and emission at 500 -700 nm, 1,024 ϫ 1,024 pixels at 0.19 m/pixel). The pressure of the LV cannula was adjusted using a calibrated solution column, with the aortic cannula positioned 1 mmHg higher than the LV cannula for each pressure monitored. Measurements were performed at 25°C. Sarcomere length was determined by monitoring the distance of 10 -61 consecutive sarcomeres and dividing by the number of sarcomere divisions. Manual analysis (performed by individual blinded to experimental group and pressure) was confirmed by fast Fourier transform analysis of fluorescence profiles using ImageJ software.
Protein Isolation and Quantitation
Briefly, LV free wall proteins were resolved by SDS-PAGE and transferred to nitrocellulose membranes. After 1 h of blockade in 5% BSA, membranes were incubated overnight at 4°C and probed with antibodies to either S6K1 or phospho-Thr 389 S6K1 (Cell Signaling Technology, Danvers, MA) diluted 1:1,000 in 5% BSA. After being rinsed, membranes were probed with anti-mouse secondary antibody diluted 1:3,000 (Jackson ImmunoResearch Laboratories) in 5% BSA for 1 h at room temperature. After being washed, SuperSignal West Femto was used to resolve a single band at 70 kDa.
Histological Staining and Immunohistochemistry
A segment of the LV free wall was fixed in 3% paraformaldehyde, dehydrated in ethanol, paraffin embedded, and transversely sectioned in 5-m slices. Four sections each for 4 -5 mice/group were examined. To evaluate cardiac interstitial fibrosis, sections were stained with picrosirius red and Verhoeff-von Gieson stain for the determination of collagen as previously described (4). Staining was quantified as the average percent staining in 5 images/mouse with the aid of the thresholding function in MetaVue software. To detect the presence of reactive nitrogen species in the myocardium, immunostaining for 3-nitrotyrosine (3-NT; AB5411, 1:150 dilution, Millipore, Billerica, MA) was performed as previously described (4). To evaluate cardiomyocyte hypertrophy staining with wheat germ agglutinin was performed on sections obtained from the LV free wall. Two ϫ40 images from each section were randomly captured using a biphoton confocal microscope. On each image, the average cross-sectional area of 10 cardiomyocytes was measured using MetaVue.
Ultrastructure Analysis With Transmission Electron Microscopy
Details of myocardial tissue preparation, sectioning, staining, and viewing have been previously described (4) . A JOEL 1400-EX transmission electron microscope (Joel, Tokyo, Japan) was used to review three fields randomly chosen per mouse to obtain three ϫ2,000 images/heart.
RNA Isolation and Quantitative Real-Time PCR
Total RNA was isolated using the TRIzol reagent (Sigma) method. The yield of RNA was quantified using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE). First-strand cDNA synthesis was performed using 1 g total RNA with oligo dT (1 g), 5ϫ reaction buffer, MgCl 2, dNTP mix, RNAse inhibitor, and Improm II reverse transcriptase as per the Improm II reverse transcription kit (Promega, Madison, WI). After the first-strand synthesis, real-time PCR was performed using 8 l cDNA, 10 l SYBR green PCR master mix (Bio-Rad Laboratories), and forward and reverse primers (10 pM/l, Integrated DNA Technologies, San Diego, CA) using a real-time PCR system (CFX96, Bio-Rad Laboratories). The primer sequences for M1 macrophage markers included monocyte chemoattractant protein (MCP)-1, forward 5=-GTCTCAGCCAGATGCAGT-TAAT-3= and reverse 5=-CTGCTGGTGATTCTCTTGTAGTT-3=; CD11C, forward: 5=-ATGAAGAACCTCCGGGAAAT3= and reverse 5=-GCTTAGATCATGGCGTGGTT-3=; and CD86, forward 5=-GAC-CGTTGTGTGTGTTCTGG-3= and reverse 5=-GATGAGCAGCAT-CACAAGGA-3=. Primer sequences for a marker of total macrophage number, CD11b, were forward 5=-CCAAGACGATCTCAGCAT-CA-3= and reverse 5=-TTCTGGCTTGCTGAATCCTT-3=. Primer sequences for the M2 macrophage marker CD206 were forward 5=-CAAGGAAGGTTGGCATTTGT-3= and reverse 5=-CCTTTCAGTC-CTTTGCAAGC-3=. Primer sequences for GAPDH were forward 5=-GGAGAAACCTGCCAAGTATGA-3= and reverse 5=-TCCT-CAGTGTAGCCCAAGA-3=. The specificity of each of the primers sets was analyzed by running a melting curve. PCR cycling conditions used were 5 min at 95°C for the initial denaturation and 40 cycles of 30 s at 95°C, 30 s at 58°C, and 30 s at 72°C. Each real-time PCR was carried out using three individual samples, each in triplicate. Results were normalized against the housekeeping gene GAPDH.
Statistical Analysis
Results are reported as means Ϯ SE. Statistical analysis was by one-way ANOVA and post hoc t-tests (Bonferroni) to examine differences in outcomes between treatment groups (Sigma Plot 12.0, Systat Software). All differences were considered significant when P Ͻ 0.05.
RESULTS
Body and Fat Pad Weights
Body weights normalized to tibia length of 20-wk-old WD and WDSp mice were similarly heavier compared with those of their respective lean CD counterparts (P Ͻ 0.05; Fig. 1A ). Percent body weight gain during the 4-mo study period was 72 Ϯ 8%, 122 Ϯ 9%, and 105 Ϯ 10% for CD, WD, and WDSp mice, respectively (P Ͻ 0.0001 for CD vs. WD), and Sp administration had no effect on body weight in WD-fed mice (Table 1) . Perireproductive fat pad mass was approximately fourfold higher in WD versus CD mice (P Ͻ 0.001), and this increase was not altered by Sp (Fig. 1B) . Similar trends were observed in retroperitoneal fat pad mass (Table 1 ).
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A B C Fig. 1 . Western diet (WD)-induced increases in body body weight normalized to tibia length (TL; A) and perireproductive fat pad weight (B) were not prevented by spironolactone (Sp). Mice were distributed into the following three groups: 1) mice fed a control diet (CD) and implanted with a placebo pellet, 2) mice fed a WD and implanted with a placebo pellet (WD), and 3) mice fed a WD and implanted with a Sp pellet (WDSp). n ϭ 7 CD mice, 8 WD mice, and 7 WDSp mice. C: blood pressures were not significantly affected by WD or Sp therapy. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure. n ϭ 6 CD mice, 6 WD mice, and 3 WDSp mice. *P Ͻ 0.05 for WD compared with CD; §P Ͻ 0.05 for WDSp compared with CD. 
Blood Pressure
At the end of the treatment period, systolic blood pressure, diastolic blood pressure, and mean arterial pressure were similar between all groups (Fig. 1C) .
Sp Improves WD-Induced DD
Consistent with our previous report (33) , WD-fed mice exhibited abnormal echocardiography-derived diastolic function parameters versus CD-fed mice (Fig. 2 , A-C, and Table 2 ). Specifically, WD-fed mice exhibited impaired cardiac function, as indicated by an increase in the myocardial performance index, a heart rate-and load-independent measure of global cardiac function. The myocardial performance index increased due mostly to abnormal diastolic function, as indicated by increased isovolumic relaxation time and abnormal diastolic septal annular wall motion (ϽE=/A=). Cine MRI-generated diastolic parameters demonstrated an increase in relaxation time and reduced initial filling rate in WD-fed mice compared with CD-fed mice (Fig. 2, D-F) . The abnormal diastolic parameters were largely prevented in WDSp mice.
Sp Improves Sarcomere Lengthening of Cardiac Myocytes
Imaging of subepicardial cardiac myocytes of ex vivo perfused hearts subjected to Ca 2ϩ -free cardioplegia demonstrated improved cardiac myocyte sarcomere dynamics with Sp administration. In response to physiological pressures of 5, 10, and 20 mmHg, sarcomere lengths of WDSp mice were significantly longer than those of WD mice, consistent with improved ventricular compliance (Fig. 3, A-C) . Ultrastructural analysis revealed that WD-induced sarcomere disorganization, interstitial matrix expansion, cellular infiltration, and megamitochondria not seen with CD feeding (Fig. 3, D-F) . Representative transmission electron microscopy images of mouse hearts showed that Sp treatment prevented these abnormalities in mitochondrial architecture. WD feeding also increased mitochondrial electron density, and this abnormality was not corrected by Sp.
Sp Ameliorates WD-Induced Myocardial Remodeling
LV and cardiomyocyte hypertrophy. Heart weight ( Table 1 ) normalized to tibial length (Fig. 4C) showed that hearts were similarly heavier in untreated and Sp-treated WD-fed mice compared with normal sized hearts from CD-fed mice. In vivo assessment of LVH by cine MRI indicated thickening of the LV free wall in WD mice compared with CD and WDSp mice (Fig. 4B) . The septal wall of WD-fed mice tended to be thicker but did not reach statistical significance (P ϭ 0.07; Fig. 4C ). Cardiomyocytes from WD-fed mice were larger in crosssectional area, suggesting hypertrophy at the level of the cardiomyocyte, and Sp ameliorated this effect (P Ͻ 0.001 for CD vs. WD; Fig. 4D ). No differences in cardiomyocyte crosssectional area were detected between CD and WDSp groups (P ϭ 0.245).
S6K1 signaling. Activation of myocardial S6K contributes to cardiac hypertrophy (18, 64) . To evaluate S6K activation, we determined protein expression of phospho-Thr 389 S6K1 and total S6K1. Phospho-Thr 389 S6K1 expression was elevated in WD compared with CD mice (P Ͻ 0.05), and this increase was prevented by Sp (P Ͻ 0.05 for WD vs. WDSp). No differences in total S6K1 expression were observed among groups (P Ͼ 0.05). Compared with CD mice, the increase in phospho-Thr 389 S6K1 relative to total S6K1 observed in WD mice (P Ͻ 0.05) was prevented by Sp (P Ͻ 0.05 for WD vs. WDSp; Fig. 4E) .
LV fibrosis. Accumulation of myocardial interstitial collagen, as assessed by picrosirius red staining, was markedly increased with WD feeding (P Ͻ 0.001 for WD vs. CD; Fig.  5A ), and this was prevented with Sp (P Ͻ 0.01 for WDSp vs. WD).
Sp Modulates WD-Induced Oxidative Stress
We previously reported that myocardial oxidative stress precedes or is associated with DD in models of obesity/ metabolic cardiomyopathy (2, 4, 10, 69). Analysis of oxidant stress by 3-NT in the myocardium revealed an increase with WD consumption (P Ͻ 0.001 for CD vs. WD; Fig. 5C ), and Sp significantly lowered 3-NT staining intensity (P Ͻ 0.001 for WDSp vs. WD) but not quite to the level in CD mice (P Ͻ 0.01 for WDSp vs. CD).
Sp Promotes an Anti-Inflammatory Shift in Immune Cell Markers in the Heart
WD-fed mice showed increased myocardial mRNA expression of M1 markers MCP-1 and CD11c, which was suppressed by Sp (Fig. 6A) . We measured another M1 marker, CD86, and although trends among groups were similar to those of MCP-1 and CD11c, no differences were found among groups by two-way ANOVA (data not shown). CD11b, a marker of total macrophage number, was elevated in the myocardium of WD mice, and this was prevented by Sp. Although CD206 expression was not different in WD hearts compared with CD hearts, Sp induced marked expression of CD206. Normalization of the expression of CD206 to MCP-1 or CD11c indicated that Sp induced a relative shift favoring M2 polarization (Fig. 6B) . Normalization of myocardial expression of CD206 to CD11b illustrated that the proportion of M2 macrophages to the total number of macrophages increased only in the hearts of WD mice that received Sp.
DISCUSSION
Lean premenopausal women are generally at lower risk for development of heart and vascular disease compared with men, and this may be due in part to the beneficial cardiovascular effects of sex hormones (37) . In contrast, young obese and/or diabetic women are inordinately adversely affected and therefore are at greater risk for the development of heart disease (42) (43) (44) (45) . The mechanisms for the loss of cardioprotection with these metabolic disorders remain to be elucidated. In this regard, a possible mechanism linking CVD with insulin resistance, obesity, and diabetes in women is MR activation in cardiomyocytes and cardiac fibroblasts. We previously demonstrated that treatment with a subpressor dose of Sp reversed DD in lean renin-overexpressing hypertensive male rats (21) as well as in male Zucker obese rats. Whether Sp could prevent DD in a clinically relevant female model of diet-induced overnutrition/obesity is unknown. To test this hypothesis, we used a recently developed model of WD-induced DD where female mice exhibited accelerated development of DD compared with age-matched male mice (33) . Indeed, DD was first detected in WD-fed female mice after 8 wk of WD but not in male mice (33) . The main findings of the present study are that MR antagonism with a subpressor dose of Sp prevented the development of DD in WD-fed female mice as well as its associated abnormalities known to contribute to DD, including increased myocardial oxidative stress cardiac fibrosis and LVH. To our knowledge, this is the first study showing that MR antagonism prevents the development of DD in a clinically relevant model of WD-induced DD in the female sex. DD is often associated with comorbid conditions such as obesity and hypertension. Thus, the efficacy of Sp in preventing DD could have been due to positive effects on these other conditions. Since blood pressure did not increase in female mice in response to 4 mo of WD and Sp did not affect blood pressure, we can conclude that efficacy was unrelated to blood pressure changes. Furthermore, Sp also prevented DD in the absence of changes in body weight or visceral fat weight. In the setting of overweight/obesity, DD is more likely to result from some combination of myocardial inflammation, increased oxidative stress, and enhanced fibrosis and stiffness (10, 60).
The rationale for use of such a low dose of Sp is twofold. First, in addition to MRs, Sp binds to androgen, progesterone, and glucocorticoid receptors; however, binding to non-MRs is likely to require much higher doses of Sp to induce antiandrogenic or progestogenic actions (8) . Thus, evidence supports that the use of 1 mg·kg Ϫ1 ·day Ϫ1 Sp ensures that the primary site of action of Sp occurs at MRs rather than non-MRs. Second, the addition of low-dose MRA to standard therapy reduces morbidity and mortality among heart failure patients (48, 49) . Thus, it could be reasoned that the addition of low-dose MRA could prevent further progression to heart failure in obese females with DD regardless of diabetic status and with a minimal risk of side effects.
We examined the mechanisms underlying the efficacy of MR blockade in preventing WD-induced DD and the associated cardiac structural remodeling. Cardiac remodeling is generally viewed as a deleterious outcome associated with hypertrophy, fibrosis, and DD. There was a blood pressure-independent cardiac hypertrophic response to WD, as indicated by increased heart weight, which was due, in part, to cardiomyocyte hypertrophy. The increases in LV free wall and septal wall thicknesses indicate concentric remodeling, a condition commonly observed in both hypertensive and nonhypertensive obesity (35, 42, 45) . Although Sp had no significant effect on whole heart weight, evidence indicated that Sp inhibited the development of cardiomyocyte hypertrophy and LV free wall thickening. LVH in WD-fed mice was accompanied by abnormalities in sarcomere structure and function as well as mitochondrial structure, which were largely prevented by Sp. The mTOR/S6K1 pathway has been implicated in cardiac hypertrophy. mTOR activates S6K1, and S6K1 phosphorylates 40S-ribosomal S6 protein and plays a key role in biogenesis of ribosomes, translation, and hypertrophy (23, 26) . Activation of cardiac mTOR/S6K1 occurs in heart failure patients with preserved ejection fraction and in mice with DD and LVH (18) . Activation of the mTOR/S6K1 growth pathway also contributes cardiac hypertrophy induced by growth factors, insulin resistance/hyperinsulinemia, and excessive nutrient intake (26, 64) . Here, we observed suppression of WD-induced activation of S6K1 with Sp concomitant with decreased cardiac hypertrophy. Cardiac fibrosis is one of the major determinants of impairment of the passive properties of diastolic relaxation. We observed significant LV accumulation of interstitial collagen, which was suppressed by Sp. Collagen deposited in the extracellular compartment largely consists of collagen types I and III. Collagen type III is the more compliant isoform, whereas the type I isoform is stiffer. Chamber stiffness increases when there is a shift in the ratio of these collagen subtypes from type III to type I (7, 39) . Therefore, improved diastolic function with MRAs could be ascribed, in part, to preventing accumulation and stiffening of interstitial collagen. The amelioration of WD-induced interstitial collagen accumulation with Sp could also explain the observed improvement in ex vivo sarcomere lengthening and diastolic function. The association between reductions in S6K activation, interstitial fibrosis, improved sarcomere lengthening, and diastolic function suggests that Sp may inhibit the secretion of collagens into the interstitial space by fibroblasts/cardiomyocytes by suppressing nutrient-driven activation of S6K (50) .
Excessive signaling through the MR induces oxidative stress (34, 38) , which contributes to cardiac remodeling via activation of signaling cascades driving fibrosis, hypertrophy, and apoptosis (65 (21) . Male mice fed the same WD used in this study exhibit myocardial oxidative stress (4, 24) . In this study, the decrease in the magnitude of oxidative stress with Sp suggests that Sp prevents DD, in part, by reducing the level of oxidative stress in the myocardium. Therefore, attenuation of diet-induced myocardial oxidative stress by Sp is likely to be a key factor contributing to the prevention of cardiac hypertrophy and fibrosis. We and others have reported marked increases in the quantity and distribution of the myocardial 3-NT residue in rodent models of cardiomyopathy involving myocardial oxidative stress (21, 24, 36, 63 ). An ultrastructural localization study (36) of the myocardium indicated increases in 3-NT-labeled immunogold particles in myofibrillar and mitochondrial spaces under conditions of oxidative stress. Indeed, we recently reported disorganization and thinning of sarcomeres as well as mitochondrial structural alterations in association with increased 3-NT staining in WD-fed male mice (24) . Nonetheless, a more robust analysis of oxidative stress using multiple markers is necessary to further delineate this issue and warrants further investigation. Relying solely on 3-NT staining as an end point for the measurement of oxidative stress is a limitation of this study. Finally, in humans, increases in myocardial 3-NT has been reported in pathophysiological conditions, such as heart failure, and is considered a myocardial oxidative stress marker (30) . Obesity and type 2 diabetes mellitus are associated with a state of chronic subacute systemic and tissue inflammation (25, 52) . Emerging evidence suggests that low-grade inflammation, especially in adipose tissue, may act as a proximate trigger as well as an ultimate modulator of the severity of comorbid conditions associated with obesity, such as insulin resistance, oxidative stress, diabetes, and CVD (52) . In this context, MR activation has been implicated in mediating inflammation and immune cell recruitment in multiple tissues, including the heart and vasculature, in rodent models of obesity, diabetes, and hypertension (5, 15, 19) , and MR blockade ameliorates inflammation associated with obesity (20, 22, 55) . Inflammation in obesity is associated with an increase in M1 proinflammatory macrophages and a decrease in M2 anti-inflammatory macrophages, thereby shifting macrophages to a proinflammatory state (31) . We recently reported evidence suggesting such a proinflammatory shift in the hearts of WD-fed male mice (24) . Cardiac tissue macrophages are resident in the perivascular area and in direct contact with cardiomyocytes and may even have some level of contact with endothelial cells, suggesting "direct" modulation of cardiomyocyte and endothelial cell morphology and function (46) . CD206 (mannose macrophage marker) is a well-accepted marker for identifying M2 macrophages (62) . Here, we observed a relative increase in myocardial expression of the anti-inflammatory macrophage marker CD206 in WD mice that received Sp, indicating that Sp promotes a relative shift favoring M2 polarization. Such an increase in the myocardial anti-inflammatory immune cell population is likely to play a role in reducing overnutritionassociated oxidative stress, fibrosis, and DD.
In summary, we demonstrated that a subpressor dose of the MRA Sp prevents WD-associated DD. Moreover, MR blockade involves attenuated cardiac oxidative stress along with reductions in cardiac remodeling and inflammation. Furthermore, our data suggest an anti-inflammatory shift of cardiac immune cell markers after Sp administration, thereby warranting further study of MR-dependent immune modulation as a novel mechanism by which MRs contribute to obesity-associated CVD. Thus, MR inhibition prevents DD induced by inflammation and oxidative stress associated with obesity. However, MRAs may not be beneficial in preventing or treating DD caused by etiologies in which the inciting factors are different. Since MR signaling plays an integral role in the development of DD in obesity, further study of low-dose MRAs to prevent or treat DD specifically in patients with insulin resistance and obesity is warranted.
